The Swedish part of the Fennoscandian Shield hosts a variety of rare earth element (REE) deposits, including magmatic to magmatic-hydrothermal types. This paper focuses on the origin of the Olserum-Djupedal REEphosphate mineralisation located in the sparsely studied Västervik region, SE Sweden. Here, mineralisation occurs in three main areas, Olserum, Djupedal and Bersummen. Primary hydrothermal REE mineralisation formed at high temperatures (about 600°C), leading to precipitation of monazite-(Ce), xenotime-(Y), fluorapatite and minor (Y,REE,U,Fe)-(Nb,Ta)-oxides in veins and vein zones dominated by biotite, amphibole, magnetite and quartz. The veins are hosted primarily by metasedimentary rocks present close to, or within, the contact aureole of a local 1.8 Ga ferroan alkali feldspar granite pluton, but also occur within in the chemically most primitive granite in the outermost part of that pluton. In the Djupedal area, REE-mineralised metasedimentary bodies are extensively migmatised, with migmatisation post-dating the main stage of mineralisation. In the Olserum and Bersummen areas, the REE-bearing veins are cross-cut by abundant pegmatitic to granitic dykes. The field relationships demonstrate a protracted magmatic evolution of the granitic pluton and a clear spatial and temporal relationship of the REE mineralisation to the granite.
Introduction
The emplacement of granitic plutons into the Earth's continental crust causes a significant heat input to the immediate wall rocks, inducing contact metamorphism and circulation of hot fluids. The fluids associated with such an environment can be magmatic fluids released from the crystallising pluton, pore fluids in wall rocks, metamorphic fluids produced by devolatilisation in the adjacent wall rocks, and ultimately meteoric water that is convected into hydrothermal systems during later cooling of the pluton (Hansen, 1995; Kesler, 2005; Ingebritsen and Appold, 2012) . If these fluids transport significant concentrations of metals, either by extracting them from the magma via an exsolving fluid phase, or due to interaction with the surrounding wall rocks, and if the fluids can be focused into distinct structural pathways or zones, they may form primary magmatic-hydrothermal deposits such as for example porphyry Cu deposits, as well as related metasomatic skarn deposits (Hedenquist and Lowenstern, 1994; Cox, 2005; Heinrich and Candela, 2013) . Metasomatism in contact-metamorphic environments occurs almost invariably to some extent, and varies extensively in style, degree and distribution, depending on factors such as chemistry and depth of the granitic pluton (e.g., Barton et al., 1991) . Metasomatism is in most cases essential to attain oregrade concentrations, as aptly shown by rare earth element (REE) deposits associated with fenitisation of the wall rocks during the emplacement of carbonatitic or silica-undersaturated intrusions (e.g., Kresten and Morogan, 1986; Morogan and Woolley, 1988; Morogan, 1989; Sjöqvist et al., 2017; Elliott et al., 2018) .
Only a few hydrothermal REE mineralisations associated with granitic plutons are known, including the REE-Th deposit at Las Chacras, Argentina (Lira and Ripley, 1990 ) and the Kutessay II deposit, Kyrgyzstan (Djenchuraeva et al., 2008) . Instead, REE mineralisations are typically associated with other types of intrusions, mainly silicaundersaturated and peralkaline rocks, carbonatites, and their fenitised halos (e.g., Chakhmouradian and Zaitsev, 2012 and references therein) . In this perspective, it is essential to study how the REE behave in hydrothermal REE mineralising systems that show a clear spatial relation to granitic (sensu lato) plutons and their associated metasomatic or contact aureoles.
Sweden hosts many REE mineralisations of various deposit types. Of these, the Bastnäs-type skarn deposits (Holtstam and Andersson, 2007; Holtstam et al., 2014; Jonsson et al., 2014) and NYF-type granitic pegmatites like Ytterby (e.g., Nordenskjöld, 1910; Smeds, 1990) have historically been the most important ones. In addition to these, REE are hosted by e.g., apatite-iron oxide deposits such as Kiirunavaara and Malmberget in the Norrbotten region (Frietsch and Perdahl, 1995) and in the Grängesberg-Blötberget deposits in Bergslagen (Jonsson et al., 2016, and references therein) , in carbonatites such as the Alnö complex (Morogan and Woolley, 1988; Morogan, 1989) , and in peralkaline rocks as in Norra Kärr (e.g., Sjöqvist et al., 2013; Sjöqvist et al., 2017 , and references therein). The Palaeoproterozoic, metasedimentary Västervik Formation in south-eastern Sweden is also known to host occurrences of U and variable amounts of REE (e.g., Uytenbogaardt, 1960; Welin, 1966a,b; Hoeve, 1974) . These occurrences are mainly associated with various iron oxide mineralisations (Geijer and Magnusson, 1944; Uytenbogaardt, 1960 ). Yet, modern mineralogical and geochemical studies addressing the origin of these and the associated REE ± U mineralisations are lacking. Understanding the magmatic and hydrothermal processes leading to these different types of mineralisations are important, not least because they may have operated on a regional scale and may potentially provide a link between different mineralisation styles.
This contribution focuses on the Olserum-Djupedal REE mineralisation, which is one of the known but poorly studied types of REE ± U occurrences in the Västervik Formation. This mineralisation includes one of only a few known and well-defined REE deposits (Olserum) in Europe with a NI43-101 certified resource estimate (Reed, 2013; Goodenough et al., 2016) . The mineralisation comprises an unusual primary assemblage with abundant monazite-(Ce), xenotime-(Y) and fluorapatite in veins dominated by biotite, amphibole, quartz and magnetite. By expanding on the mineralogical, textural and mineral-chemical framework developed earlier for the REE-bearing minerals , this study combines field and petrographic relationships with major element chemistry of the main gangue minerals and with trace element chemistry of biotite and magnetite. This was done in order to understand the relative timing and origin of the mineralisation and to develop an initial mineralisation model. The clear temporal and spatial association of the REE mineralisation with a local granite pluton emplaced at 1.8 Ga, and the strong chemical gradients shown by biotite, and partly by magnetite, in proximity to this granite, lead us to propose a high-temperature contact metamorphichydrothermal origin for the Olserum-Djupedal REE mineralisation. This mineralisation and other similar, smaller REE occurrences likely formed as part of a regional-scale metasomatic and REE ± U mineralising event.
Geological background

Regional geology
The Olserum-Djupedal REE mineralisation is situated about 8 km NW of Gamleby in SE Sweden, in the Västervik region (Fig. 1) . The discrete mineralisations are all located along the border between the Västervik metasedimentary Formation and the Transscandinavian Igneous Belt (TIB), south of the Svecofennian domain of the Fennoscandian Shield (Gavelin, 1984; Gaál and Gorbatschev, 1987; Gorbatschev, 2004) . The Svecofennian domain formed in an accretionary-type orogeny at 1.92-1.77 Ga (e.g., Korja et al., 2006) . Its western and southern part is surrounded by the large, NNW-SSE trending TIB complex of plutonic to volcanic units, established along an active continental margin at 1.85-1.65 Ga (Gorbatschev, 2004) . The boundary between the Svecofennian domain and the Västervik Formation is broadly defined by the Loftahammar-Linköping Deformation Zone (LLDZ; Fig. 1 ), comprising several major crustal-scale shear zones active at around 1.8 Ga (Beunk and Page, 2001) .
The Västervik Formation is a Palaeoproterozoic metasupracrustal unit that primarily comprises quartzites and meta-arenites, and subordinate meta-argillites and metavolcanic rocks (Gavelin, 1984) . Based on the age of the youngest detrital zircons and the age of the intruding Loftahammar-type granitoids (1859 ± 9 Ma; Bergström et al., 2002) , Sultan et al. (2005) inferred a depositional age of about 1.88-1.85 Ga for the Västervik sediments. The Loftahammar-type granitoids have traditionally been referred to as the older of two generations of granitoids that intrude the Västervik Formation (e.g., Gavelin, 1984; Kresten, 1986) . These older (c. 1.85 Ga) granitoids are usually deformed and exhibit an augen gneiss fabric. The younger, mostly structurally isotropic granites belong to the c. 1.81-1.77 Ga suite of TIB-1 granitoids (e.g., Wikström and Andersson, 2004 , and references therein; Kleinhanns et al., 2015) . In a recent attempt to better understand the tectonic evolution of the long-lived active continental margin magmatism in this part of the Fennoscandian shield, Nolte et al. (2011) and Kleinhanns et al. (2015) proposed a new three-stage tectono-magmatic model, based on petrographical and geochemical re-classification of the granitoids, combined with new zircon U-Pb geochronology. According to this, the first stage (Askersund or TIB-0) stage is characterised by alkali-calcic to calc-alkalic and metaluminous to peraluminous granitoids with a ferroan affinity (cf. Frost et al., 2001) , emplaced within an extensional or transtensional regime, at around 1.85 Ga. Subsequently, a compressional regime prevailed at around 1.85-1.81 Ga, followed by intrusion of the TIB-1 magmas, which formed metaluminous Cordilleran-type granitoids; they comprise most of the plutonic rocks in the Västervik region. The final stage is represented by the generation of moderately shallow and local, mostly peraluminous anatectic granites with a ferroan affinity, which formed in an extensional or transtensional regime at or slightly after 1.8 Ga. The metasedimentary rocks of the Västervik Formation were the source for these younger granites, and they mostly show short melt-transport distances. A moderately shallow (at c. 15 km depth) crustal anatectic origin for some of the younger granites in the Västervik region was already suggested by Westra et al. (1969) . The formation of these anatectic granites likely coincided with high-temperature/low-pressure metamorphism and related migmatisation (e.g., Kresten, 1971; Kleinhanns et al., 2012) . The metamorphic conditions in the Västervik region reached upper amphibolite facies conditions (about 650°C to 700°C and < 400 MPa), based on the presence of sillimanite + andalusite + cordierite ± Kfeldspar in the Västervik metasediments (Russel, 1969; Elbers, 1971; Kresten, 1971; Gavelin, 1984) . The main structural elements in the Västervik Formation are a series of NW-SE trending synclines and anticlines, which locally follow the outlines of the older granitoid massifs (Gavelin, 1984) , and are presumably pre-to syn-kinematic with the generation and intrusion of the youngest granites and associated highgrade metamorphism (Westra et al., 1969; Elbers, 1971 Gavelin (1984) and mapping data from the database of the Geological Survey of Sweden (http://www.sgu.se). The location of the detailed geological map of the Olserum-Djupedal district (Fig. 2 ) is indicated by a black frame. The indicated area of Na ± Ca metasomatism is redrawn from Hoeve (1974) . The inset map shows the large-scale geology of southern Sweden, redrawn from Andersen et al. (2009) . The white areas without graphical pattern are water. LLDZ: Loftahammar-Linköping Deformation Zone (Beunk and Page, 2001) ; TIB: Transscandinavian Igneous Belt (Gorbatschev, 2004) ; OJB: Oskarshamn-Jönköping Belt (Mansfeld et al., 2005) .
the 1950s, the Västervik region was known to host various types of Fe ± Cu ± Mo ± Co mineralisations, which were mined in the 15th century and onwards (Tegengren, 1924; Uytenbogaardt, 1960; Sundblad, 2003, and references therein; Billström et al., 2004) . During the uranium exploration period, several occurrences were discovered or reinvestigated for their U potential, including the Olserum-Djupedal district, Gränsö in the Västervik archipelago and Klockartorpet in the central part of the Västervik Formation (Uytenbogaardt, 1960; Welin, 1966a,b; Löfvendahl and Åkerblom, 1976) . The REE potential, particularly that of the mineralisation in the Olserum-Djupedal district, was not recognised until the beginning of the 1990s during regional field campaigns targeting REE by the Geological Survey of Sweden, when high contents of these metals were confirmed (Gustafsson, 1992) . Interestingly, minor amounts of apatite and "zircon" were found within these ores already in the 1960s (Welin 1966a) ; potentially misidentifying the abundant xenotime-(Y) as "zircon".
2.2.2. U ± REE mineralisations: types and proposed origin Uytenbogaardt (1960) recognised three types of U ± REE mineralisation in the Västervik region: 1) quartzite-hosted palaeoplacer deposits containing uraninite and pyrobitumen with fine-grained uraninite inclusions (so-called thucholite); 2) magnetite ore with associated U ± REE minerals; and 3) pegmatites and aplites hosting U ± REE minerals. He also proposed a magmatic origin related to the generation and emplacement of the younger suite of granites for all these U ± REE occurrences. Welin (1966a,b) proposed that the U ± REE mineralisations, including those of the Olserum-Djupedal district and Gränsö, represent heavy mineral-rich palaeobeds (palaeoplacers), which had been extensively remobilised by the anatectic granite, and later enriched and incorporated into associated aplites and pegmatites. In contrast, Hoeve (1974 Hoeve ( , 1978 ) postulated a hydrothermal origin for the U ± REE mineralisations and linked them to distinct quartz-plagioclase rocks that formed during Na ± Ca metasomatism along the contact between the Västervik Formation and the older Loftahammartype granitoids in the north (Fig. 1) . Furthermore, he inferred that these metasomatic rocks formed from fluid-driven replacement of metasedimentary rocks of the Västervik Formation and the older granitoids during prograde to peak metamorphism. The U ± REE mineralisations represented the end-product of the metasomatism and were considered younger. Moreover, the emplacement of the younger suite of granites, which in this case most likely corresponds to the anatectic granites, was interpreted to be younger than both the metasomatic rocks and the U ± REE mineralisations. Hoeve (1974) , however, also considered the metasomatism and the generation of the younger granites as synchronous processes at different crustal levels during peak metamorphism.
REE mineralisation in the Olserum-Djupedal district
The REE mineralisation in the Olserum-Djupedal district was considered a potential REE prospect following the regional exploration campaign for REE in the beginning of the 1990s (Gustafsson, 1992 The Olserum-Djupedal district consists of three exposed areas with more extensive REE mineralisation, namely Olserum, Djupedal and Bersummen (Fig. 2) , which together comprise the Olserum-Djupedal REE mineralisation. The exploration has so far yielded a NI-43-101 compliant indicated resource estimate of 4.5 Mt at 0.6% total rare earth oxides (TREO) with 33.9% heavy rare earth oxides (HREO) for part of the Olserum area only, which is thus the only defined REE resource in the district (Reed, 2013) . The resource in Olserum covers an area of around 400 by 100-150 m and has been drilled to a depth of around 250 m. It consists of six mineralised zones with a NW to SE strike, which are dipping steeply to the NE. The outlined resource represents only a small part of the known mineralised area in the district, and the drilled part of the mineralisation is open at depth.
Previous work focused on characterising the main REE minerals and obtaining preliminary mineral chemistry data of the main phases (Fullerton, 2014) . However, this work only covered a limited part of the known mineralisation and exclusively focused on new drill core material from Olserum. Andersson et al. (2018) reported the results of a detailed characterisation of the mineralogy and textural evolution of the REE minerals, combined with major and trace element analyses of all REE phases. They recognised four paragenetic stages of REE mineral formation for the Olserum-Djupedal REE mineralisation, as summarised in Table 1 . Furthermore, the paragenetic sequence was interpreted to record an initial high-temperature hydrothermal stage (about 600°C), which was followed by fluid-mediated dissolution-reprecipitation processes that operated during progressively decreasing temperatures. In addition, it was concluded that local differences in fluid chemistry, especially the Ca content, between the Olserum and Djupedal areas, were important factors in controlling the stabilities of primary REEbearing ore minerals.
Geology of other sampled locations within the Västervik region
To put the REE mineralisation in the Olserum-Djupedal district into a broader regional context, additional sampling of three other localities in the Västervik region was carried out, at Klockartorpet, Gränsö and Berg (Fig. 1) .
Klockartorpet (N 57°48.0′, E 16°30.0′) is a palaeoplacer mineralisation in the central part of the Västervik Formation. The palaeoplacer consists of a series of dark layers in quartzite, which contain biotite, muscovite, magnetite, ilmenite, rutile, zircon and minor monazite and U-bearing phases.
Gränsö (N 57°44′, E 16°42.5′) is an island in the Västervik archipelago and the outcrops studied are situated on the SW side, around one of the old, now water-filled open pit magnetite mines. The area exposes folded and fine-grained metasedimentary gneisses rich in feldspar (Kfeldspar typically), intercalated with coarse-grained F-rich biotite and magnetite bands with variable thicknesses. The bands are occasionally boudinaged and the magnetite displays a granoblastic recrystallised texture. Thin section petrography and energy-dispersive spectroscopy (EDS) demonstrate that magnetite is associated with locally abundant monazite-(Ce) and zircon, and subordinate ilmenite, rutile, xenotime-(Y), fluorapatite, fluorite, uraninite, REE-fluorocarbonates, Sr-bearing barite and Ba-bearing strontianite.
The locality at Berg (N 57°50.0′, E 16°33.0′) exposes quartzites and minor intercalated metapelitic layers of the Västervik Formation in several road cuts. These metasedimentary rocks are transected by Kfeldspar-dominated migmatitic melt veins (leucosomes), and tourmaline-bearing pegmatitic segregations formed in situ. The migmatitic melt veins contain euhedral magnetite, and the surrounding quartzite is tourmalinised.
Material and analytical methods
Field work and sampling
Four drill cores drilled by Tasman Metals Ltd. in 2012 were logged and sampled in detail at the national Swedish drill core archive of the Geological Survey of Sweden in Malå. Sampling and field mapping in the Olserum-Djupedal district were performed during two consecutive field campaigns in 2015 and 2016. Sampling was aimed at obtaining a representative set of samples of the ore-bearing assemblages from different areas (Olserum, Bersummen and Djupedal; Fig. 2 ), and samples from the different host rocks in the district (Table 2 ). Field mapping focused on the geological framework of the district and the relative timing of mineralisation. The samples from the Olserum-Djupedal mineralisation were complemented by samples from other occurrences in the Västervik region (Klockartorpet, Gränsö and Berg; Fig. 1 ). This sampling was targeted on material containing biotite and magnetite for mineral chemistry analysis.
Electron-probe microanalysis (EPMA)
Major element analysis was performed on biotite, magnetite, amphibole, tourmaline and minor muscovite and chlorite (all mineral chemical data are available in the online data repository). The analyses were done by wavelength-dispersive electron probe microanalyser (EPMA) using a JEOL JXA-8600 Superprobe at the University of Helsinki, upgraded with SAMx hardware and the XMAs/IDFix/Diss5 analytical and imaging software package. The accelerating voltage used was 15 kV and the beam current 15 nA. All analyses were conducted with a focused beam. A complete list of analytical conditions (radiations, standards, counting times, analyser crystals) used for EPMA analyses is available in the online data repository. Biotite formulae were calculated based on 22 oxygens per formula unit, using K concentrations from LA-ICP-MS because we observed a slight overestimation of K concentrations by EPMA in some biotite analyses. The H 2 O content was calculated assuming full occupancy of the OH sites, i.e. (OH + F + Cl) = 4 atoms per formula unit (apfu). All Fe was assumed to be Fe 2+ . Amphibole formulae were calculated based on Table 1 Summary of the paragenetic sequence of REE minerals in the Olserum-Djupedal district. See also Fig. 4 in Andersson et al. (2018) . Andersson et al. Ore Geology Reviews 101 (2018) 740-764 (O + OH + F + Cl) = 24 apfu, and H 2 O was calculated assuming (OH + Cl + F) = 2 apfu. Ferric iron was calculated based on electroneutrality, using the calculation scheme by Locock (2014) , which follows the IMA 2012 amphibole nomenclature (Hawthorne et al., 2012) . Calculation of tourmaline formulae was based on (O + OH + F) = 31 apfu with no ferric iron, and B and H 2 O were calculated by stoichiometry (B = 3 apfu; OH + F = 4 apfu).
Laser ablation inductively coupled plasma spectrometry (LA-ICP-MS)
Laser ablation ICP-MS analysis of magnetite and biotite was performed with a Coherent GeoLas MV 193 nm laser-ablation system coupled to an Agilent 7900s ICP mass spectrometer at the University of Helsinki. Table 3 lists the settings used for magnetite and biotite. Prior to the final analysis, preliminary tests were done to check the homogeneity of the biotite grains. Most elements were found to be homogeneously distributed, except for the REEs, which we interpret to result from the presence of small and abundant REE-phosphate inclusions. Replicate analyses of the reference materials NIST SRM 610, USGS reference glass GSE-1G, and the natural scapolite standard Sca17 (Seo et al., 2011) were performed to bracket the sample data and to correct for instrumental drift. GSE-1G was selected as external standard for both magnetite and biotite after careful evaluation of the data. Sca17 was used to quantify Cl concentrations in biotite. Data treatment and quantification of the LA-ICP-MS signals were done with the SILLS software package (Guillong et al., 2008) . The long-term accuracy of the LA-ICP-MS system was monitored by daily replicate analyses of NIST SRM 612 and was within 5% for most elements.
Cathodoluminescence imaging
Cathodoluminescence (CL) imaging was performed using a CITL CL8200 Mk5-2 cold-cathode cathodoluminescence system coupled to a Leica DM2700 polarisation microscope equipped with a Peltier-cooled Leica DFC450C high-resolution digital camera at the University of Helsinki. The beam current was set to 0.25 mA and beam voltage at 7.0 kV during all sessions.
Results
4.
1. Geological and mineralogical evolution of the REE mineralisation in the Olserum-Djupedal district 4.1.1. Main geological features of the Olserum-Djupedal district
The Olserum-Djupedal district comprises three main areas of REE mineralisation: Olserum, Djupedal and Bersummen (Fig. 2) . The main ore zone is in Olserum, where dark metasedimentary rocks (OlserumDjupedal metasediments) containing a set of ESE-WNW to SE-NWtrending, dm-sized veins to metre-wide vein zones with monazite-(Ce), xenotime-(Y) and fluorapatite, are exposed in outcrops within a roughly ESE-WNW-trending zone. These mineralised metasedimentary rocks are exposed in several outcrops at the north-western side of Lake Bersummen as well. Djupedal is located farther inwards from the granite contact, northwest of Olserum (Fig. 2) . The REE-phosphate mineralisation is characterised by abundant and large crystals of monazite-(Ce) and xenotime-(Y), which may reach up to 10 cm in length (Fig. 3) . The ore-bearing metasedimentary host rocks are non-foliated to weakly foliated and consist of quartz + plagioclase + biotite ± cordierite ± amphibole (Table 2 ). Most are grey (Fig. 4A ) but some display a reddish-grey colour with increasing plagioclase content. Unmineralised, foliated and folded sillimanite-and cordierite-bearing gneisses are locally present in the south-eastern part of the metasedimentary rocks in Olserum (Fig. 2) . The orientation of the main tectonic fabric in these rocks is roughly NW-SE, essentially sub-parallel to the axial trace direction of the regional folds (Gavelin, 1984) .
Although the mineralised zones are mainly hosted by metasedimentary rocks, the dominant rock type in the entire Olserum-Djupedal district is alkali feldspar granite (Olserum-Djupedal granite; Fig. 2 ). This granite is present to the north and south of the exposed ore-bearing metasedimentary rocks in the Olserum area. Observations from drill cores from the Olserum area demonstrate that the metasedimentary rocks are present down to a depth of at least 300 m, but some cores intersect granite at the southern side. Outcrops to the south of the metasedimentary rocks in the Olserum area mainly expose the granite with local occurrences of more readily recognised quartzitic rocks, which are likely part of the Västervik Formation farther south (Fig. 2) . The northern contact between the granite and the ore-bearing metasedimentary rocks in the Olserum area dips around 70°to the N and NE. This contact is marked by a transition zone from the more well-preserved metasedimentary rocks through biotite gneisses, intercalated biotite gneisses and granitic to pegmatitic dykes and segregations, and finally to the granite.
The western and eastern extent of the Olserum-Djupedal granite is unknown. The area to the north consists of feldspar-porphyritic granitoids, locally with plagioclase-mantled angular to rounded K-feldspar phenocrysts. In the NE and NW part (Fig. 2) , a quartz monzonite is present, which forms part of the quartz monzonite suite (QM; Nolte et al., 2011) . These feldspar-porphyritic intrusions are cut by structurally isotropic granitic dykes close to the contact of the Olserum-Djupedal granite. Slightly N to NE of the Djupedal area, metasomatic quartz-plagioclase rocks are present, similar to those described by Hoeve (1974 Hoeve ( , 1978 (Fig. 2) .
Lithology and geochemistry of the Olserum-Djupedal granite
The Olserum-Djupedal granite is normally red, medium-grained and consists mainly of K-feldspar, quartz and biotite with subordinate plagioclase and muscovite, and accessory magnetite, xenotime-(Y), monazite-(Ce), tourmaline (schorl-dravite), fluorite, zircon and fluorapatite. The biotite content of the granite varies significantly ( Fig. 4B and C) , and rarely forms a foliation in the granite. In particular, along the contact to the metasedimentary rocks in Olserum and Bersummen, a gneissic fabric is present (Fig. 4D) . The granite hosts coarse-grained biotite-magnetite schlieren characterised by abundant accessory minerals such as magnetite, monazite-(Ce), xenotime-(Y) and allanite-(Ce) ( Table 2 ). Locally, the granite contains narrow zones where banding is defined by K-feldspar + quartz and fine-grained dark biotite layers. Mafic xenoliths are locally common, as are mafic dykes cross-cutting the granite. Late pegmatitic to granitic dykes and segregations are frequently found in the granite and in the metasedimentary rocks ( Fig. 4D and E), and also cross-cutting the REE-bearing veins and vein zones in the Olserum and Bersummen areas. They also seem to transect the fabric in the gneissic granite ( Fig. 4D ) and the biotite gneiss of the transition zone. The dykes are composed of K-feldspar, albite, quartz and locally muscovite, tourmaline (schorl-dravite), sillimanite, magnetite, monazite-(Ce), xenotime-(Y), uraninite, columbite-(Fe) and fluorapatite. Rarely, the tourmaline occurs as symplectitic intergrowths with quartz (Fig. 4E) .
Geochemically, the Olserum-Djupedal granite is ferroan (Frost et al., 2001) , calc-alkalic to alkali-calcic, peraluminous and exhibits high Si (about 76 wt% SiO 2 ) and Na 2 O + K 2 O (8.1-8.9 wt%) contents, and plots in the field of alkali feldspar granite in the Q-ANOR CIPW-normalised diagram ( Fig. 5A ; representative whole-rock geochemical data are available in the online data repository). It is enriched in Cs, Rb and Ba. The REE distribution diagram shows a LREE-enriched pattern with (La/Yb) N at 4 to 7 (normalised to C1 chondrite; Sun and McDonough, 1989) , and with a negative Eu anomaly (Fig. 5B) . The P content is low (0.04-0.07 wt% P 2 O 5 ) and the ∑REE + Y content is around 300 ppm, which is overall lower than that of other granitoids and syenitoids in the Västervik region (Nolte et al., 2011) . The REE-bearing minerals are typically concentrated in the biotite-magnetite schlieren. The granite has a higher Th content (22-27 ppm) than igneous rocks from other granitoid and syenitoid suites in the Västervik region, whereas the U concentration (about 5 ppm) is similar to the other suites (Nolte et al., 2011) . The Zr concentration is rather high (about 230 ppm), but generally lower than those of rocks from the other suites. The alkali feldspar granite of the Olserum-Djupedal district therefore corresponds to the anatectic granite suite (AG), which likely formed by low-pressure melting of the Västervik Formation at moderately shallow (c. 15 km) crustal depths in an extensional to transtensional tectonic setting (Nolte et al., 2011; Kleinhanns et al., 2015) .
Mineralogical and field relations of the REE mineralisation in the Olserum-Djupedal district
The REE mineralisation in the Olserum and Bersummen areas is mostly hosted by the metasedimentary rocks and partly by biotite gneisses in the transition zone and the Olserum-Djupedal granite. In the Djupedal area, however, REE mineralisation is hosted by larger, partly migmatised metasedimentary bodies, probably xenoliths, enclosed in the granite (Fig. 2) . In the Olserum and Bersummen areas, the REE mineralisation mostly occurs as up to dm-wide veins in the metasedimentary rocks and in the granite adjacent to the contact with the metasedimentary rocks. The veins are present as individual veins, or as sets of interconnected veins, which primarily consist of biotite, quartz, magnetite, fluorapatite, xenotime-(Y), monazite-(Ce) and subordinate cordierite, ilmenite and (REE,Y,Th,U,Ca)-(Nb,Ta)-oxide(s) (Fig. 6A and B) . In Olserum, locally up to several metres wide vein zones are present. One of these is exposed in the main mineralised outcrop at Olserum (Fig. 2) and others have been intersected in the drill cores. The vein zones differ from the veins in that they contain abundant amphibole (gedrite) and lack clearly discernible individual or interconnected veins. They are characterised by metres-wide, continuous zones along strike with gedrite, biotite and magnetite, and carry abundant and coarser-grained xenotime-(Y), monazite-(Ce) and fluorapatite ( Fig. 6C and D) . The vein zones are generally associated with the highest REE ore grades (labelled as BMSR; Reed, 2013) and are typically also richer in magnetite. Locally, the REE-bearing veins principally lack magnetite (e.g., in Bersummen) whereas in other places, magnetite dominates over biotite. The REE-bearing veins and vein zones are oriented roughly ESE-WNW to SE-NW, i.e., conformable with the overall orientation of the main fabric in the metasedimentary rocks. Granitic to pegmatitic dykes frequently cross-cut the ores in the metasedimentary rocks, both in the Olserum and Bersummen areas ( Fig. 6D and E) .
Drill core observations from the Olserum area show that the REEphosphates and fluorapatite are also present in biotite-dominated veins in the biotite gneisses in the transition zone, and these sometimes coalesce with the gneissic fabric. REE-phosphates and fluorapatite are also present within individual or interconnected biotite-dominated veins in the granite proximal to the contact. Close to these granitehosted veins, the granite typically displays an increased biotite content. The granite-hosted veins are locally exposed in outcrops ( Fig. 6F and G), and are surrounded by a grey alteration zone mainly composed of biotite, quartz and altered feldspar. Similar alteration zones containing disseminated xenotime-(Y), monazite-(Ce) and minor zircon locally cut the fabric in the gneissic granite (Fig. 6H) . The lateral extent of all REEbearing veins is mostly difficult to delineate because of the sporadic and incomplete nature of the exposures. However, the veins can, in some cases, be traced for several metres along strike, beyond which they gradually thin and finally pinch out.
In the Djupedal area, the metasedimentary rocks are only sparsely exposed within a small, topographically low area, which is otherwise dominated by the Olserum-Djupedal granite. The exposures of the metasedimentary rocks are typically very limited and the geological relation between them and the granite is not fully understood. The metasedimentary rocks are present as several metres large, partly migmatised bodies surrounded by the granite, and the Djupedal area may represent a migmatitic contact aureole of the granite. These bodies are also intersected in some drill cores from the Djupedal area, which were drilled near the exposures of the sedimentary rocks close to the iron mines (Fig. 2) .
The metasedimentary rocks in Djupedal are locally rather wellpreserved, with only patchy to slightly stromatic migmatitic appearance. In such pristine exposures, around 1 dm wide, coarse-grained biotite veins, and more irregular and variably thick biotite-rich patches with xenotime-(Y), fluorapatite and minor monazite-(Ce) are usually also well-preserved (Fig. 7A ). These veins are oriented roughly in an N-S direction, which is different from the Olserum and Bersummen areas. In migmatitic melt-dominated exposures, the melt veins (neosome/ leucosome) consist of K-feldspar and quartz with local melanocratic bands of biotite, quartz and subordinate muscovite. These melt veins (Streckeisen and LeMaitre, 1979) , and (B), REE distribution diagram normalised to chondrite C1 (normalisation after Sun and McDonough, 1989) . have intruded, or cross-cut the phosphate-bearing biotite veins and patches, and in some cases, even enclosed the fluorapatite crystals and may occur within fractures of them ( Fig. 7B and C) .
Locally in the Djupedal area, granitic dykes extend from the metasedimentary bodies, where they cross-cut the foliation and the mineralised veins and patches, into the granite (Fig. 7D and E) . Inclusions or patches of coarse-grained biotite with rare fluorapatite crystals are also locally found within the granite (Fig. 7F) . These field relations suggest that the ore-bearing metasedimentary rocks locally underwent anatexis and produced some volume of the granite in the area. The studied ore samples from the Djupedal area represent material from the two main, old open pits from the days of magnetite mining. These samples are characterised by up to dm-sized, extensively fractured crystals of xenotime-(Y), monazite-(Ce) and fluorapatite within a groundmass of mainly coarse-grained biotite, quartz, magnetite, muscovite and cordierite. Locally, allanite-(Ce) -ferriallanite-(Ce) and other Ca-bearing minerals occur, including tourmaline (uvite-feruvite), clinozoisite and a later generation of fluorapatite . Other minerals exclusively found in the Djupedal mineralisation are bastnäsite-(Ce), scheelite and ferberite ( Table 2 ). The immediate host rock to these open pit mines (now water-filled) consists of grey metasedimentary rocks surrounded by the granite, and the pits probably targeted similar orebearing metasedimentary bodies as exposed in outcrops in the area.
Several of the old iron mines in the Olserum-Djupedal district ( Fig. 2; e.g., Källhagen) have mainly mined intra-granitic accumulations of quartz-magnetite schlieren-or biotite-magnetite schlierenhosted ores (Fig. 8) . The quartz-magnetite schlieren ores contain partly martitised magnetite with abundant intergrown monazite-(Ce) hosting small xenotime-(Y) grains. The relative timing of these magnetite ores in relation to the main REE-bearing veins is however uncertain at present, but they are assumed to be coeval with the REE mineralisation in the metasedimentary rocks. This is because in addition to the similar mineralogy of schlieren-type ores and the metasediment-hosted REE ore, the schlieren-type ores in Olserum are markedly concentrated along the contact between the Olserum-Djupedal metasedimentary rocks and the Olserum-Djupedal granite, but systematically farther inwards towards the granite centre.
4.1.4. Occurrences of quartz-plagioclase rocks and associated Na ± Ca metasomatism In an area 400 m north of the Djupedal mineralised area (Fig. 2) , a white quartz-plagioclase-dominated rock is present (Fig. 9A) . The field relationships between this rock and the Olserum-Djupedal granite are ambiguous. An Olserum-Djupedal-like granite is locally present as inclusions within the quartz-plagioclase rocks. In other places, red thin granitic bands emanating from the granite cut the quartz-plagioclase rock, but are themselves transected by thicker aplitic dykes, which also displace the thinner bands. Closer to the boundary between the Olserum-Djupedal granite and the porphyritic granitoids (Fig. 2) , this quartz-plagioclase rock shows a gradual contact to a quartz monzonite (QM suite), and both rocks are cut by aplitic dykes.
The quartz-plagioclase rock is mainly composed of coarse-grained quartz and plagioclase and fresh K-feldspar is locally present. CL imaging shows that K-feldspar is largely replaced by plagioclase (Fig. 9B) . This plagioclase exhibits a yellow to yellowish-brown luminescence colour, and preliminary EDS analyses indicate compositions ranging from albite to oligoclase. In transmitted light, this plagioclase is transparent but commonly exhibits a light to dark brown dusty appearance, possibly resulting from alteration affecting the plagioclase after the initial replacement. This plagioclase is also intergrown with quartz in a myrmekitic texture (Fig. 9C) . Primary K-feldspar frequently exhibits perthite flames of plagioclase with a darker blue to purple luminescence colour (Fig. 9C) .
Niobium-bearing rutile and ilmenite are both common as accessory minerals in the quartz-plagioclase rock and are typically replaced by titanite ± rutile ± hematite (Fig. 9D) . Zircon is also rather common, and displays growth zoning, locally with Ca-enriched zones. The other minerals identified in this rock are clinozoisite, pyrophanite (MnTiO 3 ), a columbite-tantalite group mineral (probably columbite-(Fe)) and a Th-rich phase belonging to the cheralite-huttonite-monazite series (Linthout, 2007) . The appearance and mineralogy of the quartz-plagioclase rock are very similar to the quartz-plagioclase rocks described by Hoeve (1974) in the Västervik region, which were interpreted as the product of Na ± Ca metasomatism.
More detailed CL imaging of feldspar from the Olserum-Djupedal granite, and from the leucocratic melt veins in Djupedal reveals textural features similar to those from the quartz-plagioclase rock. K-feldspar from the Olserum-Djupedal granite display a turquoise to light blue colour in CL. It is also perthitic, where plagioclase occurs as flames and patches (Fig. 9E) . Plagioclase often seemingly encloses some K-feldspar too, possibly indicating replacement of K-feldspar. This type of plagioclase mostly has a dark blue to purple luminescence colour with reddish rims, and rarely displays a lighter purplish colour. Preliminary EDS analyses suggest compositions close to pure albite. More Ca-rich plagioclase, with the same yellow to brownish-yellow luminescence colour, as in the quartz-plagioclase rocks, mostly replaces the albitic plagioclase, but also the perthitic K-feldspar (Fig. 9F ). This replacement is more developed proximal to the REE-bearing veins, but does also occur locally within the chemically most evolved granite, distal to these veins.
Petrography of the ore-bearing assemblages in the Olserum-Djupedal REE mineralisation
A characteristic feature of the REE ore zones in the OlserumDjupedal district is that the primary REE-bearing minerals monazite-(Ce), xenotime-(Y), fluorapatite and minor (Y,REE,U,Fe)-(Nb,Ta)-oxides are variably fractured and recrystallised. The gangue (vein groundmass) minerals infill these fractures and enclose the REE-bearing minerals ( Fig. 10A and B) . The gangue minerals mainly comprise biotite, amphibole (gedrite and anthophyllite), magnetite and quartz, while ilmenite, cordierite, andalusite, white mica or muscovite, tourmaline (uvite and dravite-schorl), chlorite and plagioclase are only locally abundant ( Fig. 10B and C) .
Biotite is typically present as coarse-grained, sometimes up to 1 cmsized platy crystals, infilling and enclosing the fractured REE-bearing minerals. In granite-hosted veins, and in veins close to the granite contact in the Olserum area, biotite is mostly associated with magnetite intergrown with monazite-(Ce) and xenotime-(Y) (Fig. 10D) . Biotite rarely exhibits kink bands. Magnetite is otherwise mostly present in the REE ore zone in the vein groundmass as euhedral to anhedral grains, or larger anhedral aggregates closely associated with ilmenite. Metasediment-hosted magnetite contains abundant exsolution lamellae of an Alrich spinel phase. In contrast, magnetite hosted by granitic rocks, including the schlieren ores in the granite, lacks these exsolution 
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Ore Geology Reviews 101 (2018) 740-764 lamellae. Magnetite is commonly replaced by chlorite ± calcite, or martitised (oxidised to hematite) late in the paragenetic sequence. Martitisation is most widespread in granite-hosted magnetite, and occurs only locally in the REE ore zone in the Olserum and Djupedal areas. Amphibole mostly forms larger intergrowths of crystals, or radial aggregates, and some individual crystals exhibit euhedral outlines towards biotite. Amphibole is occasionally associated with cordierite as an alteration product (Fig. 10E) , where it locally forms a symplectitic intergrowth with an Al-silicate, most likely andalusite, in the metasedimentary host rock or rarely in the REE ore zone in the Olserum area.
Cordierite appears within the vein groundmass, primarily in the Djupedal area (Fig. 10C) , sometimes also containing smaller inclusions of the REE-phosphates. Cordierite exhibits distinct breakdown textures (e.g., Fig. 10E ), and minerals formed by this process are quartz, andalusite or a quartz-andalusite symplectite, staurolite, amphibole, biotite, muscovite, as well as additional phases typical of "pinite" alteration.
Andalusite is locally present along rims of biotite (Fig. 10D) and does, together with biotite, plagioclase, quartz, magnetite, muscovite and secondary monazite-(Ce) and xenotime-(Y), locally enclose primary fluorapatite (Fig. 10F) or fill fractures in primary fluorapatite. Muscovite is only a minor mineral in the Olserum area and is mainly present in the granite-hosted veins. In the Djupedal area, muscovite is a more common gangue mineral present within the vein groundmass of fractured primary REE-bearing minerals. This muscovite occasionally forms a symplectitic texture with quartz, which may represent a breakdown product of earlier high-grade minerals. Tourmaline is also limited to the REE ore zone in the Djupedal area and is there associated with allanite-(Ce), magnetite, cordierite, biotite and muscovite within the vein groundmass of the fractured REE-bearing minerals. Tourmaline also, albeit rarely, forms symplectitic intergrowths with quartz.
Chlorite (sensu lato) is only a minor primary component in the REE ore zone in the Olserum area. Chlorite is mainly present later in the paragenetic sequence as an alteration product of biotite, amphibole, magnetite or allanite-(Ce) -ferriallanite-(Ce) in both the REE ore zone and within the host metasedimentary and granitic rocks. (Fig. 11) . Ore-associated biotite from the veins and vein zones in the metasedimentary rocks in the Olserum area is dominantly phlogopite, and becomes increasingly Feand Al-rich towards the contact with the granite. Ore-associated biotite in the metasedimentary rocks in the Djupedal and Bersummen areas is also Mg-dominant and straddles the phlogopite-eastonite border. Biotite from the granite-hosted veins and biotite in the granite is Fe-rich, with Mg/(Mg + Fe) typically below 0.5. Notably, ore-associated biotite in the metasedimentary rocks is Na-rich, reaching almost 1 wt% Na 2 O (or 0.3 apfu Na; Fig. 12A ). The Na content decreases with increasing Al content and increases with increasing Mg/(Mg + Fe) and Si content. Therefore, the most Na-rich biotite plots as phlogopite in the Al versus Mg/(Mg + Fe) diagram (Fig. 11) . The Na content gradually decreases in biotite from the REE-bearing veins with proximity to the granite contact in the Olserum area. Biotite from the granite-hosted REE-bearing veins exhibit a Na concentration similar to biotite from the granite (< 0.2 wt % Na 2 O). Biotite from Gränsö also plots as phlogopite, but, in contrast to ore-associated biotite from the Olserum-Djupedal district, is low in Na (< 0.2 wt% Na 2 O).
The Ti content of all ore-associated biotite in the metasedimentary rocks is low, below 1.5 wt% TiO 2 (Fig. 12B) . By contrast, biotite hosted in the granitic rocks is substantially richer in Ti, ranging from 1.6 to 2.9 wt% TiO 2 , excluding biotite associated with minor alteration zones around the granite-hosted veins. Biotite associated with these alteration zones has a green colour in thin section, in contrast to the dark brown colour of biotite found elsewhere in the studied mineralisation. The green biotite probably represents biotite re-equilibrated at lower temperatures (Henry et al., 2005) .
Ore-associated biotite in the metasedimentary rocks, and in the host metasedimentary rocks themselves, has low Rb concentration (< 700 ppm), translating into a high K/Rb ratio ( Fig. 12A-H) . Moreover, the Rb content in ore-associated biotite increases gradually towards the granite contact in the Olserum area. Biotite from the granitehosted veins exhibits similar Rb concentration as biotite of the granite that hosts these veins.
Three samples of the Olserum-Djupedal granite display a clear trend of increasing Rb concentrations (and decreasing K/Rb) in biotite from the granite hosting the REE-bearing veins at the contact, to biotite in the granite distal to this contact, and then to biotite from a granite sample farther away from this contact. This trend can be interpreted in terms of progressive magmatic evolution of the granitic system. Comparable trends are also clearly shown by Cs, Mn and Tl, which all increase towards the chemically most evolved granite (Fig. 12C-E) . Cobalt, Cr, Ga, Sn and Zn (Fig. 12F ) also show a general increase with chemical evolution of the granite, but the trend is not as clear as for the other elements. The concentrations of Na (Fig. 12A ) and Nb decrease with decreasing K/Rb. Barium, Fe, Li, Sc and Sr first increase, and then they decrease again towards the most evolved granite (Fig. 12G) . A reversed trend (i.e., first a decrease followed by an increase) is shown by Mg, Ni, Pb, Ta, V and W (Fig. 12H) . Ore-associated biotite proximal to the granite contact in the Olserum area generally has higher concentrations of Ba, Mn, Nb, Sc, Sn, Ta, Ti, V, W and Zn relative to oreassociated biotite distal to this contact. Conversely, Cs and Ni are lower in ore-associated biotite closer to the granite contact. Taken together, the REE ore-associated biotite in all areas generally displays lower or slightly overlapping concentrations of most trace elements compared to biotite in the granites and granite-hosted veins. The exceptions are Ni, Pb, Sc, Sr, V and W, which are higher in biotite associated with the REE mineralisation.
Biotite from Gränsö is markedly enriched in Cr, Ni and Mo relative to ore-associated biotite in the Olserum-Djupedal district. Biotite from the palaeoplacer deposit at Klockartorpet and biotite from the quartzite of the migmatite occurrence at Berg exhibits a similar major element mineral chemistry and displays high concentrations of Cr, Ti and V. Likewise, biotite from the migmatitic melt veins in Berg has high contents of Cr, Ti and V.
Biotite, together with fluorapatite, is the major carrier of halogens in the REE ore zone in the Olserum-Djupedal district. The measured F concentration in biotite ranges from around 0.6 up to 3.5 wt% in the ore assemblages. The F content of biotite from the granite is between 1.0 and 3.1 wt% F. The Cl content in biotite ranges from 0.15 to 0.75 wt% in the ore assemblages, and reaches up to 1.2 wt% in the most Fe-rich biotite from the granite. Because of crystal-chemical energetic couplings commonly referred to as F-Fe avoidance and Mg-Cl avoidance, biotite incorporates more Cl with increasing Fe concentration, and more F with increasing Mg (Ramberg, 1952; Munoz, 1984) . Therefore, the Cl and F concentrations should both correlate with the Mg/ (Mg + Fe) ratio. For biotite in the Olserum-Djupedal district, the data show that this is the case for Cl, which increases with decreasing Mg/ (Mg + Fe) ratio. Because the Fe content in biotite increases with proximity to the granite contact in the Olserum area, the Cl concentration also increases towards this contact. The data show that F is not as strongly correlated with the Mg/(Mg + Fe) ratio.
Magnetite
Magnetite is abundant in the REE-bearing veins and vein zones in the Olserum-Djupedal district. EPMA analysis of the magnetite shows that it is almost pure with only a minor Al content. Only magnetite from the Klockartorpet palaeoplacer contains significant concentrations of another element, namely Cr.
Metasediment-hosted magnetite in the REE-bearing assemblages of both the Olserum and Djupedal areas is compositionally very similar. It is comparably higher in V (average: 1060 ± 190 ppm), Al (average: 2760 ± 1180 ppm), and Mg (average: 110 ± 75 ppm) than magnetite hosted in granitic rocks in the Olserum-Djupedal district. The concentrations of Ti (average: 750 ± 620 ppm) and Ga (average: 170 ± 40 ppm) are, on average, also slightly higher in the metasediment-hosted magnetite (Fig. 13A-D) . The schlieren type magnetite is richer in Ni compared to metasediment-hosted magnetite, and the magnetite hosted in the Olserum-Djupedal granite exhibits the lowest Ni concentrations. The Sn content (1-15 ppm) is comparatively high in magnetite from the Olserum-Djupedal district relative to magnetite from the other localities studied, whereas the Cr concentration is rather low (1-85 ppm). In the Olserum area, the contents of Al, Ga and Mn increase slightly in metasediment-hosted magnetite closer to the granite contact.
Magnetite from Klockartorpet displays the highest V and Cr concentrations (Cr reaches up to 1 wt%) and low concentrations of Ni, Mn and Ga. Similar to biotite from Gränsö, magnetite from this locality is distinct from magnetite in the Olserum-Djupedal district, and has higher Ni and Cr, and lower Ga and Al concentrations.
In the (Al + Mn) versus (V + Ti) discrimination diagram developed for magnetite from a suite of magmatic and hydrothermal ore deposits (Dupuis and Beaudoin 2011; Nadoll et al., 2014) , magnetite from the metasediment-hosted REE ores in the Olserum-Djupedal district plots within the field of high-temperature magmatic-hydrothermal deposits (the IOCG and porphyry-type deposit fields; Fig. 14A ). In a plot of Ti versus Ni/Cr suggested by Dare et al. (2014) as a potential tool for discriminating magmatic and hydrothermal magnetite, magnetite from the metasediment-and granite-hosted REE-bearing veins, as well as the magnetite ores in the granite (schlieren), in the Olserum-Djupedal district falls within the hydrothermal field. By contrast, magnetite from the Olserum-Djupedal granite straddles the boundary between the magmatic and hydrothermal fields (Fig. 14B) . Magnetite from Klockartorpet, and magnetite from the migmatite at Berg plots well within the field of magmatic magnetite.
Amphibole
Ore-associated amphibole in the Olserum-Djupedal district belongs to the Mg-Fe-Mn subgroup (Hawthorne et al., 2012) . Amphibole from Olserum has higher Al (12.6-18.2 wt% Al 2 O 3 compared to 1.6-6.5 wt% Al 2 O 3 ) and lower wt% MgO compared to 14.8-16.6 wt% MgO) concentrations than at Djupedal. This classifies the amphibole from the Olserum area as gedrite, and that from Djupedal as anthophyllite (Fig. 15) . The Fe contents are similar for both types, and are in the range of 23.0-25.7 wt% FeO in Olserum and 22.8-24.7 wt% FeO in Djupedal. Titanium rarely reaches 0.5 wt% TiO 2 in gedrite in Olserum, and is mostly below the limit of detection (< 0.1 wt% Ti) in Djupedal. Both amphibole types have similar Mn and Ca concentrations, in the 
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Ore Geology Reviews 101 (2018) 740-764 range of 0.1-0.35 wt% MnO and 0.15-0.5 wt% CaO. Ore-associated gedrite in Olserum has an elevated Na content, which is in the range of 1.7 to 2.3 wt% Na 2 O (equivalent to 0.5-0.7 apfu), comparable to the Na enrichment observed for ore-associated biotite. Anthophyllite from Djupedal exhibits overall lower Na concentrations, from 0.1 to 0.7 wt% Na 2 O (< 0.2 apfu). Amphibole locally associated with cordierite often occurs together with an Al-silicate (most likely andalusite) in the REE ore zones and in the host rock at Bersummen. This amphibole type also classifies chemically as gedrite and exhibits a composition similar to the ore-associated gedrite (Fig. 15) . No quantitative data for amphibole associated with the breakdown of cordierite (Fig. 10E ) in Djupedal were obtained, but EDS analyses indicate a similar composition as the gedrite associated with cordierite.
All analysed gedrite and anthophyllite is OH-dominant, with maximum concentrations of F at 1.0 wt% and of Cl at 0.1 wt%.
Anthophyllite from Djupedal is lower in both F and Cl. The F and Cl data for gedrite co-existing with biotite in the Olserum area show that both elements strongly partition into biotite.
Tourmaline
Tourmaline mainly occurs in the REE ore assemblages in Djupedal within the groundmass surrounding primary xenotime-(Y) and monazite-(Ce) (Fig. 10B and C) , and rarely as tourmaline-quartz symplectites. Tourmaline is also present in the Olserum-Djupedal granite and within pegmatites associated with this granite. The ore-associated tourmaline belongs to the alkali-and calcic-groups of tourmalines (Fig. 16A) . The symplectitic tourmaline mostly plots in the field of the alkali-group, whereas tourmaline from the groundmass mainly plots into field of the calcic-group. Tourmaline from the granite and pegmatites in the Olserum-Djupedal district plots in the field of the alkaligroup. The Ca concentration in the ore-associated tourmaline from the vein groundmass is mainly in the range of 2.3 to 3.7 wt% CaO. The symplectitic tourmaline has low Ca concentration, ranging from 1.0 to 1.9 wt% CaO, whereas tourmaline from the granite and the pegmatites has an even lower Ca concentration, between 0.3 and 1.2 wt% CaO. Conversely, tourmaline from the granite and the pegmatites in the Olserum-Djupedal district is more Na-rich with 1.8 to 2.5 wt% Na 2 O. For ore-associated tourmaline, Na is mainly in the range of 0.7 to 1.3 wt% Na 2 O.
In a plot of Ca/(Ca + Na) versus Mg/(Mg + Fe), the ore-associated tourmaline within the vein groundmass classifies as uvite but extends slightly towards feruvite (Fig. 16B) . The symplectitic tourmaline has a composition ranging from dravite-schorl to uvite, but also straddles the boundary to feruvite. The data also show that Al and Fe increase, and Si and Mg decrease in the ore-associated tourmaline, going from uviteferuvite towards dravite-schorl. Tourmaline from the granite and the pegmatites in the Olserum-Djupedal district mainly classifies as schorl, while the granite-hosted tourmaline trends towards more dravitic compositions. In terms of the W-site occupancy (OH, O 2 , F, Cl), most analysed tourmalines are OH-species, but some would classify as Fspecies (F > 0.5 apfu). 
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Relative timing of REE mineralisation in the Olserum-Djupedal district
The REE ore-associated biotite in the metasedimentary rocks from all three mineralised areas is characterised by high Na and K/Rb and low Ti, and exhibits comparable trace element concentrations to each other. Similarly, the ore-associated magnetite from Olserum and Djupedal has trace element compositions that are very similar to each other, characterised by elevated Al, Mg and V contents. The strikingly similar mineral chemistry of ore-associated biotite and magnetite convincingly demonstrates that the REE mineralisations in all investigated areas are genetically related, and that these REE occurrences form part of a large hydrothermal REE mineralising system, which probably is more extensive than currently known. Although the principal REEbearing phosphates at Olserum and Djupedal formed during the same primary hydrothermal stage, both localities experienced different postore modification histories, as shown by differences in the relationships between the ores and their host rocks (Figs. 6 and 7) as well as their mineralogy (Table 2 ) and REE mineral alteration features .
Several lines of field evidence demonstrate the timing of the initial REE mineralisation stage relative to the alkali feldspar granite emplacement in the Olserum-Djupedal district: (1) the abundant granitic to pegmatitic dykes that cross-cut the REE-bearing veins and vein zones in the Olserum and Bersummen areas ( Fig. 6D and E) ; (2) the granite enclosing REE-mineralised metasedimentary bodies or xenoliths containing cross-cutting granitic dykes in the Djupedal area ( Fig. 7D and E); (3) the granite in Djupedal contains inclusions or patches of coarsegrained ore-type biotite with primary REE-bearing fluorapatite (Fig. 7F) ; (4) migmatised metasediments occur in the Djupedal area, where K-feldspar and quartz melt veins surround fractured primary fluorapatite associated with xenotime-(Y) (Fig. 7B and C) . This combined geological evidence suggests that the major REE-phosphate formation occurred early in relation to the magmatic activity and possibly even pre-dates some local anatexis, particularly in the Djupedal area. Despite this, parts of the primary mineralisation must have formed after the crystallisation of the chemically most primitive granite. This is evident from the Olserum area, where biotite-dominated veins carrying monazite-(Ce), xenotime-(Y) and fluorapatite are hosted by the chemically most primitive granite at the contact between the ore-bearing metasedimentary rocks and the major granite body (Fig. 6F and G) , and within the transition zone gneisses in the contact zone. Biotite mineral chemistry further demonstrates a distinct connection between metasediment-hosted biotite in REE-bearing veins distal to this contact and biotite in granite-hosted veins. This is demonstrated by, for instance, a systematic increase in Fe and Ti and coupled decrease in Mg and Na in biotite with proximity to the granite-hosted veins (Figs. 11 and 12) .
Based on the large body of field and petrographic observations and the mineral-chemical data, we conclude that the unique OlserumDjupedal style REE mineralisation is closely linked to the emplacement and subsequent evolution of the Olserum-Djupedal granite pluton. This is also corroborated by high crystallisation temperatures of around 600°C inferred from monazite-xenotime pairs formed during the initial hydrothermal REE stage . Unlike in typical felsic magmatic-hydrothermal systems, where associated mineralisations mostly form by fluids exsolved late from a crystallising granite (e.g., Cathelineau et al., 1988; Burnham, 1997 , and references therein), the primary REE-phosphates in Olserum-Djupedal formed early in relation to the emplacement and evolution of the granitic pluton. The REE mineralisation is clearly related to the contact aureole of the granite, and the hydrothermal system that formed it was most likely driven by the heat provided by this magma, thus being essentially a high-grade contact metamorphic-hydrothermal mineralising system. The term contact metamorphic-hydrothermal is preferred over magmatic-hydrothermal to emphasise the metamorphic and metasomatic nature of the REE-bearing ore assemblages and textures. Despite this, the dominant fluid source is interpreted to be magmatic.
The REE-phosphates, fluorapatite, (REE,Y,Th,U,Ca)-(Nb,Ta)-oxide (s), biotite, amphibole, magnetite, quartz, ilmenite, and probably minor cordierite, chlorite and muscovite, formed roughly simultaneously in the veins and vein zones during prograde or close to peak metamorphic P-T conditions. However, as shown by the textural relations of mainly biotite, magnetite, amphibole and quartz, these phases were subsequently affected by partial remobilisation and re-equilibration during post-peak to distinctly retrograde processes. This is evident as these gangue, or vein groundmass minerals, both occupy the space around and within the fractured, primary REE minerals and fluorapatite, which were variably fractured and recrystallised during this stage. The textural relations also show that some secondary monazite-(Ce) and xenotime-(Y) clearly formed by later dissolution-reprecipitation processes, as they are anhedral and intergrown with later magnetite and mostly exhibit slightly lower temperatures (down to about 450°C; Andersson et al., 2018) . Allanite-(Ce) and tourmaline in the Djupedal area are not part of the primary assemblages in the veins and vein zones, and both formed later during the evolution of the hydrothermal system. These later-formed REE-bearing phases represent the second stage in the paragenetic evolution (Table 1 ). The two earliest mineralisation stages (stages A and B) probably reflect a long-lived hydrothermal activity that started prior to, and continued through, the crystallisation of the chemically most primitive granite. The hydrothermal alteration zones with associated monazite-(Ce), xenotime-(Y) and zircon (Fig. 6H) , which have affected the gneissic granite, are further evidence of a hydrothermal overprint of the granite. The absolute age of the REE mineralisation is currently unknown but the relative age is constrained by the U-Pb zircon ages of the granites of the anatectic group in the Västervik region, which are around 1.8 Ga (Kleinhanns et al., 2015) . The maximum age of the mineralisation is constrained by the crystallisation age of the chemically most primitive granite cut by minor REE-bearing veins. The minimum age of the mineralisation is given by the migmatisation and the intrusion of the granitic to pegmatitic dykes that cross-cut the REE mineralisation.
The two latest stages of REE mineral formation (Table 1) are probably late-to post-magmatic in relation to the evolving magmatic system. This is because monazite-(Ce) and xenotime-(Y) from the granite-hosted biotite-magnetite schlieren, which formed essentially synchronous with the granite, have been affected by the same type of alteration that overprinted the primary monazite-(Ce) and xenotime-(Y). This post-ore alteration is likely to have occurred during cooling of the granite to at least 1.75 Ga, as indicated by regional disturbances of the Rb-Sr isotopic system in metasedimentary rocks of the Västervik Formation (Kleinhanns et al., 2012) , but could potentially even have continued to considerably younger ages.
Halogen fugacity in the REE-mineralising fluid(s)
Hydrothermal biotite is a major component of the OlserumDjupedal REE mineralisation, and the halogen composition of biotite can therefore be utilised as an indicator of the halogen fugacity in the hydrothermal fluid(s). This approach has been used for a range of magmatic-hydrothermal systems (e.g., Selby and Nesbitt, 2000; Coulson et al., 2001; Marshall and Oliver, 2006; Monteiro et al., 2008; Afshooni et al., 2013; Iveson et al., 2016; Zhang et al., 2016) . The halogen fugacities, expressed as the ratios log(f H2O /f HF ), log(f H2O /f HCl ) and log(f HF /f HCl ), are calculated from the concentrations of F, Cl and OH on the hydroxyl site of biotite using the empirical equations proposed by Munoz (1992) . These were, in turn, derived from the revised thermodynamic properties describing the partitioning of F-Cl-OH between biotite and hydrothermal fluids Sverjensky, 1991, 1992 ). The fugacity ratios are then calculated as follows: 
and T is the equilibrium temperature (in Kelvin), and X F , X Cl and X OH are the mole fractions of F, Cl and OH in the hydroxyl site of biotite. To estimate the temperature at which biotite equilibrated with a hydrothermal fluid, we have used the Ti-in-biotite thermometer calibrated for biotite from graphitic, peraluminous metapelites (Henry et al., 2005) . This is a justified approach because biotite is paragenetically associated with cordierite and ilmenite in the ore assemblages, and the latter acts as a Ti-saturating mineral, buffering the Ti activity in the system. Moreover, the calculated aluminium saturation index (ASI), i.e., the molar ratio Al 2 O 3 /(CaO + Na 2 O + K 2 O), for biotite is greater than 1.4, classifying it as peraluminous in a magmatic environment (Zen, 1988) . The absence of graphite in the mineral assemblage, however, may result in a moderate underestimation of the temperatures (Henry et al., 2005) . The calculated temperatures for the ore-associated biotite range from below the lower limit of the geothermometer calibration (480°C) to 575°C. These are, on average, somewhat lower than the calculated formation temperatures of the primary REE-phosphate minerals, but consistent with the textural position of biotite being locally later-formed, occurring in fractures of the primary, coarse-grained REE minerals. We have therefore used an average temperature of 550°C for the calculation of halogen fugacities. Biotite from the granite-hosted veins and biotite-magnetite schlieren equilibrated at higher temperatures, around 650°C, which is also consistent with temperatures calculated from monazite-xenotime geothermometry . The regional peak-metamorphic temperature conditions in the Västervik region are supported by the biotite data from the palaeoplacer deposit at Klockartorpet, which yield a temperature range of 675-700°C.
The ore-associated biotite, including biotite from the granite-hosted veins, yields log(f H2O /f HCl ) values of 2.9 to 3.6, log(f H2O /f HF ) values of 3.9 to 5.1, and log(f HF /f HCl ) values of −2.0 to −0.9 (Fig. 17A and B) . Considering that fugacity coefficient terms largely cancel out for these ratios, the log(f HF /f HCl ) values imply that the hydrothermal fluid from which the ore-associated biotite formed was enriched in Cl relative to F, Fig. 17 . Diagrams displaying halogen fugacity values in the REE mineralising fluid(s) of the Olserum-Djupedal mineralisation, as calculated from biotite compositions. The fugacity values were calculated from equations in Munoz (1984 Munoz ( , 1992 . (A) log(f HF /f HCl ) against log(f H2O /f HCl ) (B) log(f HF /f HCl ) against log(f H2O /f HF ).
as expected in most hydrothermal fluids. The actual ratios of f HF /f HCl (between 0.01 and 0.12) would, however, suggest elevated F concentrations in the fluids. Moreover, calculated log(f HF /f HCl ) values do also show that biotite from the Djupedal and Bersummen areas (log values: −2.0 to −1.5) formed from fluid(s) with almost an order of magnitude lower HF concentration compared to the Olserum area (log values: −1.3 to −0.9), independent of the temperature of the equilibrated fluid(s) (Fig. 18) . In a plot showing log(X F /X Cl ) as a function of the mole fraction of phlogopite (X phl ), any biotite that equilibrated with a hydrothermal fluid at constant temperature and log(f HF /f HCl ) should plot along straight lines (Zhu and Sverjensky, 1991) . Indeed, biotite from the REE mineralisation in the Olserum area has a rather constant log(f HF /f HCl ) value of about -1 for a temperature of 550-600°C. This value remains constant, but the temperature increases towards the contact to the granite and within the granite-hosted veins (Fig. 18 ). This increase in temperature closer to the granite contact is supported by the biotite and monazite-xenotime geothermometry.
In comparison, the log(f H2O /f HCl ) values of 2.9-3.6 and log(f H2O / f HF ) values of 3.9-5.1 calculated for the REE mineralising hydrothermal system in Olserum-Djupedal, are generally lower than in magmatichydrothermal porphyry deposits as calculated from biotite compositions. These typically have log(f H2O /f HCl ) values of 3.7-5.5 and log (f H2O /f HF ) values of 4.5-6.6 (e.g., Selby and Nesbitt, 2000; Afshooni et al., 2013; Iveson et al., 2016) . The calculated log(f H2O /f HCl ) values are comparable to those of IOCG deposits such as at the Sossego deposit, Brazil (log(f H2O /f HCl ): 2.5-3.0; Monteiro et al., 2008) and deposits from the Mt. Isa Block, Australia (log(f H2O /f HCl ): 2.8-3.6; Marshall and Oliver, 2006) . This suggests that the Olserum-Djupedal hydrothermal system was dominated by fluids with comparably high HCl and HF fugacities, similar to IOCG systems.
Origin of the Olserum-Djupedal REE mineralisation
The Olserum-Djupedal REE mineralisation represents an example of an unusual type of REE ( ± Th, U) deposit dominated by the REEphosphates monazite-(Ce) and xenotime-(Y), and variably REE-bearing fluorapatite associated with biotite and amphibole. To our knowledge, only very few comparable REE occurrences are known worldwide, for instance the REE mineralisation in the Pinto Gneiss in the Music Valley, California, USA (McKinney et al., 2015) or the REE mineralised monazite-xenotime gneiss in the Hudson Highlands, New York, USA (Aleinikoff et al., 2012) . The primary enrichment of REE in the Music Valley deposit was interpreted as magmatic, followed by later metasomatic alteration. The origin of the REE mineralisation in the Hudson Highlands was thought to be caused by metasomatism associated with high-grade metamorphism (> 700°C) with repeated post-ore remobilisation processes affecting the primary mineralisation.
Two main origins for the U ± REE mineralisations in the Västervik region have been proposed previously: (1) former fluvial heavy mineral enrichments (palaeoplacers), which were partly remobilised during the emplacement of the younger granites (Welin, 1966a,b) , or (2) a hydrothermal origin related to regional large-scale Na ± Ca metasomatism (Hoeve, 1974 (Hoeve, , 1978 . The geological observations and geochemical data for the Olserum-Djupedal REE-phosphate mineralisation are clearly inconsistent with a model of remobilised palaeoplacers and instead support a hydrothermal model and a direct genetic link with the younger granites, based on the following key arguments. Firstly, the primary REE-phosphate mineralisation in the Olserum-Djupedal district has a mineralogy that is very different from that of true palaeoplacers. The palaeoplacer deposits are mainly composed of rather fine-grained and mostly anhedral magnetite, zircon, rutile, ilmenite with only minor amounts of monazite, unidentified U-phases, tourmaline and apatite (this study; Gavelin, 1984) , and potentially davidite, brannerite and anatase (Gustafsson, 1990) . By contrast, the primary REE mineralisation of the Olserum-Djupedal district contains essentially no primary zircon and rutile, but is instead dominated by very coarse-grained monazite-(Ce), xenotime-(Y) and fluorapatite. Importantly, the primary REE-phosphates monazite-(Ce) and xenotime-(Y) are present as euhedral to subhedral crystals with large crystal sizes of typically several cm, and sometimes up to 10 cm. This characteristic occurrence of these dominant primary REE-phosphates cannot be reconciled with a palaeoplacer model. Secondly, the mineral chemistry of both magnetite and biotite clearly discriminates the true palaeoplacer deposits from the hydrothermal REE mineralisation in the Olserum-Djupedal district. Finally, and most importantly, the biotite-dominated REE-phosphatebearing veins clearly do not represent heavy mineral layers. The veins occur as individual veins (Fig. 6E) or sets of interconnected veins ( Fig. 6A ) with variable widths that locally pinch out or terminate abruptly. In addition, the vein zones have thicknesses of up to several metres (as observed in outcrops and drill cores in Olserum).
The proposed hydrothermal origin for the U ± REE mineralisations in the Västervik region as well as the connection with regional-scale Na ± Ca metasomatism was based on the presence of characteristic quartz-plagioclase rocks (Hoeve, 1974 (Hoeve, , 1978 . The genetic link between the regional metasomatism and hydrothermal mineralisation was in turn based on geochemical data for least altered rocks, altered equivalents and the mineralisations themselves, combined with mass balance calculations. The protoliths of the quartz-plagioclase rocks were interpreted to be metasedimentary rocks from the Västervik Formation and older Loftahammar-type granitoids.
A metasomatic quartz-plagioclase rock is present in the Djupedal area and its textural relations show that K-feldspar has been extensively replaced by plagioclase (albite to oligoclase in composition) and that the accessory minerals are replaced by various Ca-bearing minerals ( Fig. 9B and D) . This style of alteration indicates that similar Na ± Ca metasomatism (or sodic-calcic alteration) to that described by Hoeve (1974 Hoeve ( , 1978 affected the Olserum-Djupedal district. Similarly altered perthitic K-feldspar and plagioclase in the Olserum-Djupedal granite (Fig. 9F) suggest that the Na ± Ca metasomatic event operated after the entire granite had crystallised during subsolidus conditions, and thus post-dated the primary hydrothermal REE stage. The transitional contact between the quartz-plagioclase rock and the porphyritic granitoid rocks belonging to the quartz monzonite (QM) suite indicates that the metasomatic alteration also affected these slightly older rocks.
The unusually high Na contents in the ore-associated hydrothermal Fig. 18 . Diagram illustrating the log(X F /X Cl ) against X phl of biotite. The reference lines show the log(f HF /f HCl ) values calculated at different temperatures using the equations from Munoz (1992) .
biotite (up to 1 wt% Na 2 O) and gedrite (up to 2.3 wt% Na 2 O), as well as in the fluorapatite (200-1200 ppm; Andersson et al., 2017) , indicate that the fluid responsible for the primary hydrothermal REE stage was rich in Na. This high Na content was probably not attained via rock buffering with the surrounding host rocks because both the granite and the metasedimentary rocks do not exhibit exceptionally high Na concentrations. Rather, the REE-mineralising fluid likely represented a high-salinity fluid expelled from the granite. Because of the abundance of biotite precipitated from this fluid, the high-temperature fluid probably had a high K/Na ratio, either obtained by direct expulsion of relatively K-rich fluids or from initial fluid-rock interactions with the Kfeldspar-rich Olserum-Djupedal granite, and the fluid also had a relatively high Na content and a low Ca/Na ratio. Importantly, the low Ca concentration promoted the available phosphate in the fluid to mostly precipitate as abundant REE-phosphates instead of only fluorapatite. In the Olserum area, biotite records an increase in the Na content from the REE-bearing veins hosted in the granite towards metasediment-hosted veins distal to the granite. This may suggest that the fluid became relatively enriched in Na and depleted in K during the evolution of the hydrothermal system. During subsequent cooling, the fluid locally evolved to Ca-rich compositions as indicated by the Ca-rich minerals allanite-(Ce) and particularly tourmaline (uvite to feruvite; Fig. 16 ) in the Djupedal area. Uvitic tourmaline is uncommon in typical felsic magmatic and metamorphic settings and requires a Ca-rich fluid or the interaction of the fluid with Ca-rich host rocks to form (Henry and Dutrow, 1996; Slack, 1996; London, 1999; Van Hinsberg et al., 2011) . The proximity of this area to the older QM (Fig. 2) , which generally is richer in Ca, may partly explain the greater calcic component in the fluid, in addition to the predicted increase of the Ca content in the fluid that occurs via granite-fluid interactions during cooling in magmatichydrothermal systems (Dolejš and Wagner, 2008) . Subsequent alteration of primary monazite-(Ce) in the Djupedal area and partial alteration of monazite-(Ce) in the granite-hosted schlieren, which requires Ca-rich fluids, was probably related to the Na ± Ca metasomatism identified in the quartz-plagioclase rock and in the Olserum-Djupedal granite. The hydrothermal REE mineralisation thus likely formed in association with initial high-temperature (about 600°C) K-Na metasomatism (potassic-sodic alteration) manifested by abundant Na-rich biotite and later evolved to low to medium-high temperature (200-500°C) Na-Ca metasomatism (sodic-calcic alteration) causing distinct differences in mineralogy and alteration features between both areas. Even though Hoeve (1974 Hoeve ( , 1978 never described or recognised any K-rich metasomatism in his study area (mainly south of Loftahammar; Fig. 1 ), it is likely that the metasomatic alteration described by him and the one in the Olserum-Djupedal area are related, potentially representing part of a larger regional alteration system. Hoeve (1974) suggested that the Na ± Ca metasomatism and the associated U ± REE mineralisations to mainly be slightly older than the younger granites, which contradicts the observation that feldspar from the Olserum-Djupedal granite exhibits similar alteration features as the quartz-plagioclase rocks. However, Hoeve (1974) still considered the generation of the granites and the Na ± Ca metasomatism to be coeval but operating at different crustal depths. A clear connection between the area south of Loftahammar and the Olserum-Djupedal district is that the younger granites in both areas share many features. The younger granites in the Loftahammar area commonly show associated migmatitic aureoles, pegmatites within and outside the intrusions, and they exhibit border zones enriched in allanite, monazite, apatite, titanite, magnetite, plagioclase and biotite (Hoeve, 1974) . The mineral assemblage of the associated fracture-hosted U ± REE mineralisations in the area south of Loftahammar is, however, quite unlike that of the Olserum-Djupedal REE mineralisation. These U ± REE mineralisations typically contain primary rutile, ilmenite, davidite [(Ce,La)(Y,U,Fe) (Ti,Fe) 20 (O,OH) 38 ], allanite and thorite and subordinate zircon (potentially also xenotime), apatite, monazite, scheelite and biotite, and secondary pyrite, hematite, titanite and scapolite. Biotite is invariably present in the mineralised fractures in smaller amounts, filling microfractures and enclosing aggregates of ore minerals. At some localities, however, biotite predominantly forms veins and patches up to one metre wide and several tens of metres long, occasionally with abundant apatite (island of Norra Malmö) and monazite (island of Björkö) (Hoeve, 1974) . These latter two occurrences resemble the vein-hosted REE mineralisation in the Olserum-Djupedal district and may be a manifestation of the high-temperature K-Na metasomatism. However, the other REE occurrences richer in Ti-bearing minerals may represent another style of mineralisation formed from the leached elements by the later Na ± Ca metasomatism as suggested by Hoeve (1974) , which is potentially not exposed or not yet discovered in the Olserum-Djupedal district.
This potentially regional-scale metasomatic system was active concomitantly with heat production from the anatectic granites and associated metamorphism around 1.8 Ga. This magmatic-metamorphic event is also broadly coeval with the development of crustal-scale shear zones within the NW-SE-oriented Loftahammar-Linköping Deformation Zone (LLDZ; Fig. 1 ) at 1800-1780 Ma (Beunk and Page, 2001) . Whether these shear zones may have served as fluid pathways, aiding regionalscale metasomatism and the formation of U ± REE mineralisations, remains speculative. Several other REE occurrences and old magnetite mines in the Västervik region (e.g., Ramstad south of Olserum-Djupedal, Borsjö north of Olserum-Djupedal, and Björknäs southwest of Olserum-Djupedal; Geijer and Magnusson, 1944) lack modern studies, but seem to share some features with the REE mineralisation in the Olserum-Djupedal district, and may be related to the same regional hydrothermal system.
The source of REE and P
The ultimate source of the REE and of P for the mineralisation in the Olserum-Djupedal district remains one of the key questions. The metasedimentary rocks may have been pre-enriched in REE and P through sedimentary processes and subsequently completely overprinted by the mineralising event and granite intrusions. However, it is difficult to convincingly demonstrate such a process with the data at hand. This model would also face a fundamental problem when considering mass balance. The known palaeoplacer deposits in the Västervik Formation (e.g., Klockartorpet) have quite low concentrations of REE and P (as well as of Th and U), but they are particularly rich in Zr (and Hf). This contrasts with the abundance of REE and P (and Th and U) and the low concentrations of Zr (and Hf) in the REE mineralisation in the OlserumDjupedal district. Moreover, the palaeoplacers are mostly present as sparsely occurring, thin layers (typically < 2 cm in thickness), which are intercalated in the quartzites of the Västervik Formation. If the palaeoplacers were the source of the REE and of P, this would require fluid flow models where hydrothermal fluids released from the granites first interact with a very large body of rock containing small palaeoplacer beds and selectively mobilise the REE and P compared to the remaining element suite found in the palaeoplacers. This fluid would then need to be drained from a large volume of rock and focused into a single well-defined structural zone that hosts the REE mineralisations. Such a model cannot be reconciled with the fluid flow regime that would develop in response to the temperature and pressure gradients produced by a large granitic pluton emplaced into relatively cooler wall rocks, where fluids are expelled from the intrusion and infiltrate the surrounding host rocks. (Hansen, 1995; Ingebritsen and Appold, 2012) .
The most plausible model for the REE mineralisation is that REE and P were derived from the Olserum-Djupedal granite by fluid interaction with the crystallising granitic magma. The granite is, however, not particularly enriched in REE (∑REE + Y is about 300 ppm) nor P (0.04-0.07 wt% P 2 O 5 ) compared to for instance other suites in the Västervik region (Nolte et al., 2011) . The granite is locally enriched in REE minerals, containing accessory monazite-(Ce), xenotime-(Y) and allanite-(Ce), mainly concentrated in the schlieren but also as individual crystals and aggregates in the granite groundmass. If the primary REE mineralisation essentially formed by a fluid exsolved early from the crystallising granitic magma, this fluid may have partitioned most of the REE and P, leaving the remaining granitic magma relatively depleted in these elements, explaining the relatively lower REE content in the granite. One other potential indicator of a magmatic source is the B required to form tourmaline in the ore assemblages in the Djupedal area, which likely formed by B-rich fluids derived from the granite because tourmaline is a primary component in the granite and frequently occurs within the late pegmatitic to granitic dykes. The occurrences of tourmaline-rich rocks formed by such fluids are commonly developed within contact metasomatic aureoles near granitic intrusions (Slack, 1996 , and references therein).
The granite-derived fluid may also have locally interacted with the adjacent QM suite, which generally contains higher concentrations of REE and P (∑REE + Y: 200-500 ppm; P 2 O 5 : 0.2-0.5 wt%; Nolte et al., 2011) to attain higher contents of REE and P. However, the ultimate source of REE and P must be the local granite because of the strong spatial and temporal relation of the REE mineralisation to this granite and the physically unrealistic fluid flow model and selective leaching that would be necessary for any genetic model involving palaeoplacers as a source for REE and P. The REE mineralisation essentially formed by high-temperature fluids derived from the granite and expelled early in its evolution, and mainly developed within the contact aureole of the granite. The mineralisation thus represents a contact metamorphichydrothermal system rather than a typical magmatic-hydrothermal system.
Conclusions
The REE mineralisation in the Olserum-Djupedal district provide fundamental insight into the key processes leading to the formation of high-temperature REE mineralisation. The REE-phosphate mineralisation at Olserum-Djupedal represent an unusual vein-type mineralisation with abundant monazite-(Ce), xenotime-(Y) and variably REE-bearing fluorapatite. The large body of geological and petrographic observations and mineral chemical data are in strong disagreement with a model where the REE mineralisation represents a modified palaeoplacer deposit, and are best reconciled with a hydrothermal origin closely associated with alkali feldspar granite emplacement at around 1.8 Ga.
The REE-phosphate mineralisation developed primarily in metasedimentary rocks in the contact aureole of the granite but also within the chemically most primitive and earliest-formed granite present at the contact between the metasedimentary rocks and the granitic pluton. Primary REE mineralisation formed early in the magmatic evolution, from granite-derived fluids and the REE-minerals formed at this stage were variably altered during subsequent cooling and evolution of the magmatic and hydrothermal system. The crystallisation age of the chemically most primitive granite, around 1.8 Ga, defines the maximum age of the primary mineralisation. The migmatisation and the intrusion of granitic to pegmatitic dykes cross-cutting the REE ore delimit the minimum age, which should be slightly younger than 1.8 Ga. Subsequent stages of alteration were likely active to at least 1.75 Ga, and potentially even younger.
The halogen chemistry of ore-associated biotite indicates rather high concentrations of HCl but, importantly, also high HF for the original REE mineralising fluid. The log(f HF /f HCl ) values calculated from biotite in the Olserum area suggest a rather constant value of about −1 at temperatures from about 650°C to 550-600°C, during the progressive evolution of the primary REE hydrothermal system away from the granite contact. In the Djupedal and Bersummen areas, the fluid that formed the REE mineralisation was characterised by higher HCl concentrations compared to Olserum.
The Olserum-Djupedal REE mineralisation likely formed during initial high-temperature K-Na metasomatism, which locally evolved into Na-Ca metasomatism that variably altered the primary ore assemblages and host rocks during late-to post-magmatic conditions. The Na-Ca metasomatic alteration stage is potentially linked to a previously recognised regional Na ± Ca metasomatism and associated fracturehosted U ± REE mineralisation event that was active contemporaneously with anatectic granite magmatism around 1.8 Ga. This strongly indicates the high potential for new REE deposit discoveries and highlights the usefulness of re-investigating previously known deposits in this still rather poorly studied area.
